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Abstract 

Analysis of Mark 4 and LASCO C2, C3 coronagraph data shows that, 
at the distance R < 6 Rq from the center of the Sun, the thickness of 
a CME-generated shock- wave front (<5f) may be of order of the proton 
mean free path. This means that the energy dissipation mechanism in the 
shock front at these distances is collisional. A new discontinuity (thickness 
Sp <C Sf) is observed to appear in the anterior part of the front at R > 10 
R0. Within the limits of experimental error, the thickness 8 F « 0.1- 
0.2 R0 does not vary with distance and is determined by the spatial 
resolution of the LASCO C3 instrument. At the initial stage of formation, 
the discontinuity on the scale of S F has rather small amplitude and exists 
simultaneously with the front having thickness Sf- The relative amplitude 
of the discontinuity gradually increases with distance, and the brightness 
profile behind it becomes even. Such transformations may be associated 
with the transition from a collisional shock wave to a collisionless one. 

1 Introduction 

Eselevich M. and V. [2] revealed a disturbed region extending along the direction 
of propagation ahead of a coronal mass ejection (CME) when its velocity, it, was 
below a certain critical velocity, uc, relatively to the ambient coronal plasma. 
Given u > uc, a shock wave with front thickness Sf was formed in the frontal 
part of the disturbed region. In [3] also was shown that the coordinate system 
connected with the CME's frontal structure was best suited for demonstrating 
differences of the disturbed region, reflecting the presence or absence of a shock 
wave. Moreover, the possibility of relatively accurate measurements of Sf in 
the solar corona with Mark 4 and LASCO C2 was justified. Purpose of this 
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work is to analyze a possible dissipation mechanism in the shock front, using 
measurements of the shock wave thickness. 

2 Method of analysis 

For this study, we analysed coronal images obtained by LASCO C2 and C3 
onboard the SOHO spacecraft pQ, presented as difference brightness AP = 
P(t) — P{to), where P(to) is the undisturbed brightness at a moment to, before 
the event considered; P(t) is the disturbed brightness at t > to. We used 
calibrated LASCO images with the total brightness P(t) expressed in terms of 
the mean solar brightness (P ms t). 

For 1.2 Rq < R < 2 R , we used polarization brightness images from the 
ground-based coronagraph-polarimeter Mark 4 (Mauna Loa Solar Observatory, 
http:/ / mlso.hao.ucar.edu). As was the case with LASCO data, these images were 
expressed in terms of difference brightness. 

3 Identification of shock front ahead of a CME 

A shock front ahead of a CME can be identified reliably only in the most simple 
cases. Particularly when: 

1. A CME has a three-part structure and consists of a frontal structure (FS), 
cavity, and bright core (sometimes the core can be absent). 

2. A CME propagates near the plane of the sky. This means that the mea- 
sured CME velocity is close to the true radial velocity. 

3. Registration of shock wave front is implemented in the finite area in the 
direction of the CME motion. 

In order to show that the observed discontinuity in the brightness distribu- 
tion is a shock-wave front and not a current sheet ahead of, but associated with 
the CME, we used two different complementary approaches: 

1 . The disturbed region state was investigated for some CMEs with different 
velocities, u. For CMEs with velocities u > uc, a shock front was detected 
in the frontal part of the disturbed region (uc is the critical velocity that 
is about the local Alfven velocity in the corona). 

2. The evolution process of the disturbed region and shock wave formation 
was studied for specified CMEs, in the coordinate system connected with 
the frontal structure, as the CME velocity u overcomes the critical velocity 
u c 0. 

Within the limits of these two approaches, eight CMEs with velocities in the 
range 700-2500 km s" 1 were examined. 
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Figure 1: Variation in the front thickness of collisional Sf (thin solid curve) and 
collisionless 5 F (dash-and-dot line) CME-generated shock waves with distance R 
from the solar center, in eight CMEs with high velocities: solid circles denote 11 
June 1998, PA = 80°; crosses - 3 March 2000, PA = 230°; solid triangles - 28 
June 2000, PA = 270°; empty squares - 4 September 2000, PA = 300°; empty 
triangles - 21 April 2002, PA = 270°; empty circles - 4 November 2003, PA = 
238°; solid diamonds - 22 November 2001, PA = 247-254°; empty diamonds 
- 26 October 2003, PA = 265-290° (from Mark 4 and LASCO C2, C3 data). 
The heavy-dashed curves are the proton mean free path A p calculated for two 
proton temperatures (T p = 10 6 K and T p = 2 x 10 6 K). 

One of the most important parameters of the shock front is its thickness 
Sp, since it contains information about the energy dissipation mechanism in 
the shock wave. Analysis in [2j [3] showed that it is possible to measure the 
shock front thickness dp correctly with Mark 4 and LASCO C2 data. Due to 
measurement results, an experimental dependence Sp(R) was constructed for 
eight CMEs with velocities u > uc (upper curve made-up of symbols labelled 
as Sf in Figure 1). The solid thin line in Figure 1 denotes average curve for §p- 

As is evident from the plot, the registered shock front thickness 8p increases 
with distance. The most significant variation in 8p is observed near the Sun. 
As an example, Figure 2 shows three difference brightness profiles, constructed 
with Mark 4 data, for the CME observed on 26 October 2003. At distances 
from w 1.7 Rq to » 2 R Q , the shock front thickness increased fivefold (shock 
front is cross-hatched in Figure 2). (Empty circles denote difference brightness 
distribution before appearance of CMEs and can serve as an estimate for the 
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noise level). 

Let us compare the observed shock wave front thickness 5p with the pro- 
ton mean free path, A p , in the corona. The upper and lower dashed lines 
in Figure 1 correspond to the mean free path computed using the formula 
Ap/R© w 10~ 7 T 2 /N p. 14], respectively, for temperatures T p ~ 10 6 K 
and T p ~ 2 x 10 6 K, and the electron density profile from The character- 
istic front size is comparable with the free path (Sf ~ Ap), at least up to ~ 6 
R©. This implies that the dissipation mechanism in the shock wave may be 
collisional at these distances. 

Thus, we appear to encounter a rare situation where we can resolve and 
examine the collisional shock front structure in the plasma. This has not been 
possible so far, either in gas or in plasma, because of the very small size of 
A p . This may be regarded as the first experimental evidence of the theoretical 
conclusion that the collisional shock wave front thickness is of order of the proton 
mean free path [7j. 

4 On the possible transition from a collisional 
shock wave to a collisionless one 

The free mean path, and, consequently, front thickness Sf of a collisional shock 
wave increase away from the Sun. At a distance of more than 6 R©, the shock 
front structure must be eventually rearranged and transformed to a collisionless 
shock wave with the front thickness 5 F <C A p . This is evident from the fact that, 
in interplanetary space and at the Earth's orbit in particular, collisionless shock 
waves are observed ahead of ICMEs. The possibility of such a transformation 
has not been studied in the past either theoretically or experimentally. 

Formation of a small-scale discontinuity with thickness S F <C Sf,\ in the 
brightness distribution may be considered as a feature of a collisionless shock 
wave front. Let us examine the dynamics of the shock front for the CME of 20 
September 1997 at distances R > 6 R© as an example. Figure 3 shows difference 
brightness distributions AP(t, R) at successive moments of time plotted along 
the direction of the CME propagation (range of position angles = 270-280°. 
The collisional shock front is depicted by the crosshatching in plots. Its thickness 
6p increases with distance in accordance with dependence Sp(R) from Figure 1. 
Formation of a new discontinuity is observed in the anterior part of the front, 
from R « 20 R© and onward. At R w 23 R©, the thickness of the discontinuity 
is S F ~ 0.15 R© (two lower panels in Figure 3). 

Formation of the discontinuity with thickness S F <C \ p at 10 R© < R < 30 
R© was observed for all eight CMEs used for constructing the plot of Sf(R) 
in Figure 1. Within the limits of experimental error, 5 F is about 0.1-0.2 R© 
and is independent of distance (horizontal dash-and-dot line in Figure 1). At 
the initial stage of formation, the discontinuity has a rather small amplitude 
and exists simultaneously with the collisional front having thickness Sf- The 
relative amplitude of the discontinuity gradually increases with distance, and 
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Figure 2: CME on 26 October 1997. Distributions of the difference polarization 
brightness depending on distance, R, along the direction of the CME propaga- 
tion (PA w 265°) for three moments in time (from Mark 4 data). Empty circles 
denote the distribution of the difference brightness, just before the appearance 
of the CME (t = 17:31:35). 
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Figure 3: CME on 20 September 1997. Difference brightness distributions de- 
pending on distance R along the direction of the CME propagation (PA w 270- 
280°) at successive moments of time (from LASCO C3 data). Empty circles 
denote the distribution of the difference brightness just before the appearance 
of the CME (t = 10:35:15). 



6 



the brightness profile behind it becomes even. Thus, transition occurs from the 
front with thickness Sf to the discontinuity with thickness 8* F <C Sf- 

The spatial resolution of the C3 instrument is K rs 0.12 R© and is ap- 
proximately equal to the observed discontinuity thickness 5 F . This means that 
the real discontinuity scale can be much less than the thickness being observed. 
This, together with the fact that 5 F remains constant with distance, implies that 
this discontinuity is a collisionless shock wave whose observed front thickness is 
unresolved and determined by the spatial resolution of the C3 coronagraph. No- 
tice that similar discontinuities in the brightness profiles were registered ahead 
of fast (V > 1500 km s _1 ) halo-type CMEs at distances of more than 10 R© 
in [5] . The authors also associated these discontinuities with collisionless shock 
waves. 

It is notable that the thickness 5f of the collisional shock front measured at 
the minimum distance R « 1.7 R© from the Sun is ps 0.015 R© (see Figures 1 
and 2). This is an order of magnitude less than the thickness S F ea 0.15 R© of 
the collisionless front, determined by spatial resolution of the C3 instrument. 

5 Conclusions 

Mark 4 and LASCO C2, C3 coronagraph data analysis shows that, at the dis- 
tance R < 6 R© from the Sun center along the streamer belt, the thickness Sf 
of the CME-generated shock front may be of the order of the proton mean free 
path. This means that the energy dissipation mechanism in the shock front at 
these distances is collisional. A new discontinuity with thickness 5 F <C S F is 
observed to appear in the anterior part of the front at R > 10 R©. Within 
the limits of experimental error, the thickness S F « 0.1-0.2 R© does not vary 
with distance and is determined by the spatial resolution of the LASCO C3 
instrument. At the initial stage of formation, the discontinuity has a rather 
small amplitude and exists simultaneously with the front having a thickness Sf- 
The relative amplitude of this discontinuity gradually increases with distance, 
and the brightness profile behind it becomes even. Such transformation may 
be associated with the transition from a collisional shock wave to a collisonless 
one. 
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